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FOREWORD 


This  report  describes  research  performed  by  Universal  Energy  Systems, 
Inc.,  Dayton,  Ohio.  The  work  was  conducted  under  Contract  F33615-75-C- 
1082,  "Investigations  of  Methods  of  Plama  Excitation",  Task  II,  "Micro- 
wave  Excitation". 

The  work  reported  herein  was  performed  during  the  period  9 December 
1974  to  16  May  1977  at  the  in-house  facilities  of  the  High  Power  Branch 
(POD-2  Bldg.  450),  Aerospace  Power  Division  ( PO) , Air  Force  Aero  Propul- 
sion Laboratory,  Air  Force  Wright  Aeronautical  Laboratories,  Wright- 
Patterson  Air  Force  Base,  Ohio.  The  work  was  conducted  by  the  author, 

Mr.  Rodney  Darrah,  Research  Physicist.  The  report  was  released  by  the 
author  in  June  1977. 
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SUMMARY 

A large  volume  Gerling-Moore  microwave  applicator  is  utilized  for 
plasma  production.  The  applicator  is  a plane  surface,  interdigital 
structure  with  a 46  cm  by  4 cm  active  surface.  A 1.1  cm  i.d.  quartz 
tube  with  nickel  dc  electrodes  is  placed  above  and  parallel  to  the  long 
surface  dimension.  The  gas,  at  fractional  atmospheric  pressures,  flows 
through  this  tube  and  is  ionized  by  the  2.45  GHz  evanescent  wave  above 
the  applicator.  By  raising  the  tube  a few  millimeters  above  the  sur- 
face  at  the  input  power  end  of  the  applicator,  the  microwave  power  is 
absorbed  along  the  entire  length  of  the  tube.  The  resulting  plasma  is 
homogeneous  along  the  tube,  except  for  structure  on  the  order  of  the 
interdigital  spacings.  A dc  electric  field  is  applied  along  the  axis 
of  the  tube  with  values  below  those  required  to  sustain  a dc  discharge. 
Varying  the  microwave  power  gives  an  independent  control  of  plasma  par- 
ameters without  being  constrained  to  the  usual  relations  found  between 
the  similarity  parameters  of  the  purely  dc  discharge.  The  current-vol- 
tage characteristics  are  measured  to  determine  the  electron  density 
in  the  plasma.  In  helium  the  electron  density  is  on  the  order  of  1.2 
X 10'Vcc,  and  in  argon  the  electron  density  is  on  the  order  of  2.6  X 
1012/cc. 

An  electrodeless  tube  is  also  used  in  this  system  to  obtain  02 


a *Ag  production  in  an  oxygen  discharge.  High  purity  oxygen  is  used. 
The  quartz  tube  has  an  HgO  ring  deposited  on  it  to  eliminate  the  atomic 
oxygen  species  which  deplete  the  02  a‘Ag.  A maximum  yield  of  02  a^g 


\ 


1 

. 

of  25%  at  low  pressure  is  obtained.  The  intensity  of  the  634  nm  radi- 
ation of  a colliding  pair  is  measured  as  a function  of  applied  microwave 
power.  The  peak  in  the  intensity  of  the  radiation  occurs  at  about  100 
to  120  watts  of  microwave  power. 

A sandwich  of  two  interdigital  applicators  is  used  to  obtain  a more 
homogeneous  discharge,  eliminating  the  structure  seen  at  the  interdigi- 
tal spacings.  The  applicators  are  mounted  in  a shielding  box  which 
allows  flow  tubes  to  be  inserted  along  the  applicators'  active  surface. 

An  electrodeless  quartz  flow  tube  is  used  to  obtain  oxygen  atom  produc- 
tion from  a high  purity  oxygen  plasma.  Determination  of  the  percent  of 
atom  production  in  the  discharge  is  accomplished  by  the  titration  of 
N02  into  the  afterglow.  Measurement  of  the  N02  flow  needed  to  quench 
the  green  fluorescence  produced  by  the  reaction  of  atomic  oxygen  with 
the  N02  is  accomplished  by  using  a tapered,  variable  area  flowmeter  and 
controlling  the  temperature  of  the  N02  to  within  ±2°C.  The  maximum  ef- 
ficiency of  oxygen  atom  production  for  this  system  is  43  eV/atom. 

A quartz  tube  He-Ne  laser  is  tested  in  the  sandwich  applicator 


system.  The  laser  tube  is  a 28  cm  long,  6 cm  o.d.,  2 mm  bore  quartz 
tube,  with  internal  mirrors  and  electrodes  for  dc  operation,  filled  to 
1.9  torr  of  a mix  of  87.5%  He4  to  12.5%  Ne20.  With  about  18  cm  of  the 
laser  tube  resting  across  the  applicators'  active  surface,  a discharge 
at  140  watts  produces  0.09  mW  of  laser  optical  power  output.  With  the 
laser  operating  with  a dc  discharge  current  controlled  at  5 mA,  the 
optical  power  output  is  1.75  mW.  As  microwave  power  is  super-imposed 


on  this  discharge,  the  laser  output  increases  to  1.88  mW  at  aboi'*  160 


* 

watts  of  microwave  power,  but  as  the  microwave  power  is  increased  above 
this  level,  the  optical  output  decreases  rapidly,  finally  quenching  the 
lasing. 

A twin  antenna  irradiator  is  used  to  apply  2.45  GHz  microwave  power 
to  a sealed  quartz  discharge  tube  that  contains  an  excess  of  condensed 
mercury  in  7 torr  of  argon.  The  irradiator  in  its  commercial  form  de- 
posits 120  watts  per  centimeter  along  a 25  cm,  8 mm  i.d.  tube.  When 
operated  cw  at  3000  watts  the  ultraviolet  production  efficiency  is 
somewhat  better  than  20%.  The  mercury  discharge  has  two  modes  of  op- 
eration. Both  appear  to  be  coaxial  with  the  mercury  tube  forming  the 
center  conductor  element  of  the  coax.  The  normal  mode  of  operation 
is  a lossy  coaxial  mode  with  the  mercury  discharge  absorbing  the  micro- 
wave  power  with  an  e-folding  length  of  about  half  the  cavity  length. 

Pulsed  microwave  power  tests  are  also  done  with  this  system.  A cw 
microwave  sustainer  is  used  to  maintain  pressures  where  the  plasma 
absorption  of  microwave  power  is  efficient.  The  time  resolved  spectra 
in  pulsed  operation  shows  that  the  relative  intensity  of  the  pulsed 
ultraviolet  output  decreases  as  the  sustainer  power  increases,  which 
is  probably  due  to  resonance  trapping  in  mercury  since  the  radiation 
is  not  emitted  in  a pulse  length  similar  to  the  microwave  pulse,  but 
rather  is  emitted  over  a relatively  long  time  period. 


of  25%  at  low  pressure  is  obtained.  The  intensity  of  the  634  nm  radi- 
ation of  a colliding  pair  is  measured  as  a function  of  applied  microwave 
power.  The  peak  in  the  intensity  of  the  radiation  occurs  at  about  100 
to  120  watts  of  microwave  power. 

A sandwich  of  two  interdigital  applicators  is  used  to  obtain  a more 
homogeneous  discharge,  eliminating  the  structure  seen  at  the  interdigi- 
tal spacings.  The  applicators  are  mounted  in  a shielding  box  which 
allows  flow  tubes  to  be  inserted  along  the  applicators'  active  surface. 
An  electrodeless  quartz  flow  tube  is  used  to  obtain  oxygen  atom  produc- 
tion from  a high  purity  oxygen  plasma.  Determination  of  the  percent  of 
atom  production  in  the  discharge  is  accomplished  by  the  titration  of 
N02  into  the  afterglow.  Measurement  of  the  N02  flow  needed  to  quench 
the  green  fluorescence  produced  by  the  reaction  of  atomic  oxygen  with 
the  N02  is  accomplished  by  using  a tapered,  variable  area  flowmeter  and 
controlling  the  temperature  of  the  N02  to  within  ±2°C.  The  maximum  ef- 
ficiency of  oxygen  atom  production  for  this  system  is  43  eV/atom. 

A quartz  tube  He-Ne  laser  is  tested  in  the  sandwich  applicator 
system.  The  laser  tube  is  a 28  cm  long,  6 cm  o.d.,  2 mm  bore  quartz 
tube,  with  internal  mirrors  and  electrodes  for  dc  operation,  filled  to 
1.9  torr  of  a mix  of  87.5%  He*  to  12.5%  Ne20.  With  about  18  cm  of  the 
laser  tube  resting  across  the  applicators'  active  surface,  a discharge 
at  140  watts  produces  0.09  mW  of  laser  optical  power  output.  With  the 
laser  operating  with  a dc  discharge  current  controlled  at  5 mA,  the 
optical  power  output  is  1.75  mW.  As  microwave  power  is  super-imposed 
on  this  discharge,  the  laser  output  increases  to  1.88  mW  at  about  160 
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SECTION  I 


INTRODUCTION 


For  the  purpose  of  producing  an  excited  plasma,  the  use  of  micro- 
wave  power  shows  great  promise  because  it  is  not  only  possible  to  con- 
trol the  spectral  emission  of  a microwave  produced  plasma,  but  also,  the 

i 

electron  temperature  over  a broad  range.  To  obtain  a desired  set  of 
optimum  conditions  in  a plasma,  the  characterization  of  the  physical 
and  chemical  processes  occurring  in  the  discharge  is  necessary.  The 
knowledge  of  these  processes  allows  the  plasma  to  be  tailored  to  pre- 
dica table  results.  The  characterization  of  the  parameters  involved  in 
a discharge  requires  that  impurities  in  the  plasma  be  kept  to  a mini- 
mum. The  internal  electrode  structure  needed  for  conventional  plasma 
production  is  not  required  for  a plasma  produced  by  microwave  energy. 
This  feature  gives  the  advantage  of  eliminating  the  electrodes  as  one 
source  of  impurities.  Until  recently,  a critical  limitation  on  the 
production  of  a plasma  by  microwave  energy  was  that  the  plasma  volumes 

were  limited  to  a few  tens  of  cubic  centimeters  with  cavity  resonators. 

2 

Now  however,  large  volume  microwave  applicators  are  available. 

Large  volume  plasma  production  from  microwave  energy  was  tested 
using  three  microwave  applicator  systems. 

1.  INTERDIGITAL  APPLICATOR  SYSTEM 

A slow  wave  structure  interdigital  line  applicator  was  used 
to  test  plasma  production  in  helium,  argon,  and  oxygen.  Electron  den- 


sity  measurements  were  made  in  the  helium  and  argon  plasmas  from  the 
current-voltage  characteristics  obtained  by  superimposing  a dc  field 


on  the  microwave  produced  plasma.  The  production  of  02  a*Ag  species 
in  an  oxygen  discharge  was  measured  by  monitoring  the  intensity  of  the 
634  nm  radiation  emission  of  a colliding  pair. 

2.  SANDWICH  APPLICATOR  SYSTEM 

Two  slow  wave  structure  interdigital  line  applicators  were 
used  with  one  placed  on  top  of  the  other  to  form  a sandwich  for  the 
discharge  tube  giving  a more  uniform  microwave  field  than  is  obtained 
with  a single  applicator.  This  was  used  to  test  for  the  production  of 
atomic  osygen  in  an  oxygen  discharge  and  for  lasing  of  a He-Ne  gas 
mixture. 


3.  TWIN  ANTENNA  IRRADIATOR  SYSTEM 

A twin  antenna  irradiator  was  used  to  apply  microwave  energy 
to  a sealed  mercury  tube.  The  discharge  was  operated  in  both  a cw  and 
pulsed  mode.  The  ultraviolet  radiation  resulting  from  the  discharge 
was  measured  as  a function  of  microwave  power. 
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SECTION  II 


INTERDIGITAL  APPLICATOR  SYSTEM 

1.  SYSTEM  DESCRIPTION 

The  experimental  work  with  this  system  resulted  in  a paper,  which 
was  presented  to  the  IEEE  International  Conference  on  Plasma  Science 
at  Ann  Arbor,  Michigan,  on  May  15,  1975.  The  paper,  "Discharge  Charac- 
teristics of  a Plasma  with  Superimposed  Ionization  by  a Slow  Wave  2.45 
GHz  Applicator  and  Transport  From  a dc  Field",  by  A.  Garscadden,  P. 
Bletzinger,  M.  Andrews,  and  R.  Darrah  described  experimental  techniques 
and  discussed  the  results  of  the  experiments. 

Figure  1 shows  the  plasma  microwave  source,  which  consists  of  the 
slow  wave  structure  meander  interdigital  line  as  a convenient  large 
volume  applicator  for  plasma  production.  The  system  power  source  con- 
sists of  a 2.45GHz  2.5  kilowatt  power  supply,  and  in  addition,  a micro- 
wave  oven  tube  which  is  operated  with  a dc  voltage  to  avoid  the  ripple 
associated  with  the  2.5  kilowatt  supply  and  to  provide  power  from  0 to 
600  watts.  An  isolator  is  required  in  the  system  to  protect  the  mag- 
netron from  reflected  power  above  100  watts.  Although  under  normal 
use  of  the  plasma  source,  even  during  breakdown,  the  reflected  power 
is  negligible,  the  protection  is  required  in  case  of  breakage  in  the 
plasma  system.  Power  meters  to  monitor  the  incident,  reflected  and 
/ transmitted  power  associated  with  the  applicator  are  calorimetrically 

calibrated  to  3%.  The  direct  output  across  the  meter  gives  an  estimate 
of  the  microwave  power  ripple  when  the  non-linearities  of  the  crystal 
detectors  are  taken  into  account.  The  applicator  itself  is  shown  open 
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with  a longitudinal  flow  tube  across  its  active  surface. 


The  applicator's  meander  title  describes  exactly  the  form  of  the 
line  and  it  can  be  simply  a milled  slot  0.8  cm  wide,  3.3  cm  deep  with 
a 4.0  cm  transverse  outside  length,  having  a longitudinal  period  of 

3,<» 

2.5  cm  (see  Figure  2).  The  efficiency  of  the  line  is  sensitive  to 
the  dimensions.  It  will,  of  course,  not  propagate  dc  but  can,  to  first 
order,  be  thought  of  as  one-half  of  a waveguide  operating  in  its  funda- 
mental TEjo  mode,  sliced  longitudinally  and  then  folded  back  and  forth. 
The  E field  then  is  a maximum  at  the  open  edge  of  the  guide  and  is  ideal 
for  applicator  purposes.  Although  the  unloaded  applicator  radiates 
very  little,  a protective  shield  is  required  with  the  plasma  ignited. 

A strapped-bar  interdigital  slow  wave  structure  has  been  used  by 

2 

Bosisio  et  al.as  an  intermediate  pressure  plasma  source.  Figure  3 
shows  that  the  bars  are  strapped  together  at  the  center  and  only  every 
other  bar  is  connected  by  the  outside  rails.  Bosisio  reports  a very 
uniform  production  of  plasma  for  longitudinal  tubes  across  the  struc- 
ture. 

The  unperturbed  electric  field  above  the  Gerl ing-Moore  applicator 
has  been  determined  in  two  ways.  Gerling  has  calculated  from  the  dry- 
ing rates  of  thin  polymer  sheets  that  the  maximum  field  strength  at  the 
surface  of  the  applicator  is  5000  volts/cm  with  2.5  kwatts  incident. 
Using  a dipole  antenna  probe,  the  relative  electric  field  versus  height 
above  the  applicator  was  determined  (see  Figure  4).  This  was  done  at 
about  thirty  positions  along  the  longitudinal  axis  of  the  applicator 
and  averaged  to  obtain  this  curve.  The  spread  in  measurements  at  var- 
ious longitudinal  positions  is  indicated  by  the  vertical  bar  on  the 
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FIGURE  3.  Strapped-Bar  Structure 
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relative  fieTd  data.  Since  the  E field  is  proportional  to  the  square 
root  of  power,  the  E field  can  be  determined  above  the  applicator.  It 
should  be  noted; however,  that  the  diode  antenna  crystal  has  finite 
thickness  and  the  "Zero"  height  is  actually  1 mm  above  the  surface. 

A measurement  of  the  E field,  independent  of  the  surface  drying 
rate  calibration,  was  obtained  by  measuring  the  incident  power  required 
for  the  breakdown  in  helium  at  various  pressures  (see  Figure  5).  Knowing 
the  distance  from  the  tube  axis  to  the  applicator  and  the  falloff  of 
field  with  height,  the  breakdown  data  for  helium  can  be  used  to  estimate 
the  electric  field  at  the  closest  position  of  the  diode  antenna  to  the 
applicator  surface.  This  is  3600  volts/cm  at  2.5  kwatts  or  about  30% 
lower  than  the  drying  rate  value  calibrated  at  the  surface. 

In  the  typical  operation  of  the  applicator  the  plasma  absorbs  over 
60%  of  the  incident  power.  Thus,  one  can  put  1.5  to  2.0  K watts  into 
flowing  helium  plasmas  in  a 1 cm2  cross  section  tube  over  a broad 
pressure  range  of  10  - 200  torr  with  a few  thousand  seem  flow  rates. 

In  order  to  get  the  most  uniform  absorption  of  the  microwave  power 
into  the  plasma,  it  is  necessary  to  raise  the  tube  up  off  the  applica- 
tor surface  at  the  power  input  end,  so  that  the  electric  field,  which 
is  attenuated  as  absorption  occurs,  is  nearly  constant  along  the  tube. 

The  attenuation  due  to  the  height  off  the  surface  is  just  balanced 
against  that  due  to  loss  along  the  tube  by  properly  setting  the  angle. 

t 

In  Figure  6 exposures  were  made  directly  above  the  applicator  surface 
and  show  three  different  tube  angles  used  in  breakdown.  In  the  first 


2000 


O 

o 

CM 


FIGURE  5,  Applicator  Microwave  Power  Absorbed  In 
A Helium  Plasma  Versus  Pressure 


second  exposure  the  quartz  tube  at  the  input  power  end  of  the  applicator 
is  3 mm  off  the  surface;  in  the  third  exposure  the  end  is  at  6 mm  off 
the  surface.  The  optimum  height  for  these  conditions  was  = 8 mm. 


The  transverse  flow  configuration  mentioned  earlier  is  more  uni- 
form than  these  centered  longitudinal  exposures  indicate.  In  Figure  7 
a comparison  of  the  transverse  and  longitudinal  flow  is  shown.  The  ex- 
posures were  taken  directly  above  the  applicator's  active  surface.  When 
the  longitudinal  flow  tube  is  shifted  parallel  over  from  the  center  axis 
of  the  applicator  to  run  along  the  end  of  the  interdigital  spacing  on 
one  side.  Figure  7A  shows  that  the  low  field  locations  in  the  center 
interchange  and  are  high  field  positions  on  the  edge.  Figures  7B  and 
7C  show  the  transverse  flow  shifted  one-half  interdigital  spacing  with 
respect  to  each  other.  Therefore,  Figure  7 shows  that  in  the  two  dif- 
ferent transverse  positions  relative  to  the  interdigital  sp^cings, 
there  is  still  breakdown  across  the  entire  tube  diameter. 

2.  ELECTRON  DENSITY  MEASUREMENTS 

Several  experimental  arrangements  of  the  slow  wave  structure  meander 
interdigital  line  as  a large  volume  applicator  for  plasma  production 
in  argon  and  helium  were  tried.  Measurements  of  the  electron  density 
in  helium  were  made.  Measurements  of  the  electron  density  in  argon; 
however,  were  found  to  be  much  more  difficult  to  obtain  with  reasonable 
> eproducibility.  The  problems  encountered  in  attempting  the  argon 
measurements  will  be  discussed  later  in  this  report. 


The  flow  tube  used  for  measurements  is  shown  in  Figure  8.  The 
electrode  assembly  consisted  of  two  OFHC  copper  rods  machined  to  slide 
into  the  4 mm  i.d.  quartz  sidearms  and  press  fit  into  a Swagelok  end 


FIGURE  7.  Transverse  Flow  Positions 
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13mm  OD  liran  wall  quartz  flow  tube  4 feet  long 
with  6mm  OD  1mm  wall  quartz  side  arms 

A.  Pressure  port 

B.  Electrode  assembly  ports 

C.  Thermocouple  port 

D.  Tungsten  probe  ports 


FIGURE  8 - FLOW  TUBE  AND  ELECTRODE  ASSEMBLY 


cap  with  teflon  ferrules  used  to  seal  to  the  sidearm  tube.  A 5 mm  wide 
strip  of  5 mil  thick  nickel  sheet  was  fabricated  into  a "honeycomb" 
type  of  electrode  by  corrugating  the  sheet  between  the  teeth  of  two 
gears  and  sprialing  the  metal.  A hole  was  punched  in  the  nickel  and 
the  copper  rod  of  the  electrode  was  press  fit  into  the  nickel  electrode. 
Two  5 mil  tungsten  probes,  separated  by  approximately  the  distance  of 
two  interdigital  spacings,  i.e.,  2 inches,  were  used  to  make  measure- 
ments of  the  applied  dc  field  in  the  plasma.  The  probes  were  sealed 
to  the  tube  with  Torr  Seal  epoxy.  The  tube  was  placed  along  the  appli- 
cator so  that  there  was  no  transverse  movement  of  the  tube  with  respect 
to  the  applicator,  but  the  tube  could  be  raised  or  lowered  at  the  mic- 
rowave input  (upstream)  end  of  the  applicator. 

Several  experimental  arrangements  were  used  to  obtain  data  on  elec- 
tron densities.  Two  of  these  arrangements  will  be  discussed  here. 

Figure  9 shows  the  first  arrangement  used  to  obtain  data.  A vol- 
tage ramp  with  an  amplitude  of  ± 50  V and  a period  of  60  seconds  was 
applied  to  the  electrodes.  The  current  created  by  the  external  field 
in  the  microwave-produced  plasma  was  monitored  from  alOft  resistor. 

A Preston  Differential  amplifier  with  a high  input  impedance,  greater 
than  100  M Si  and  a common  mode  rejection  greater  than  101*  was  used  to 
monitor  the  dc  field  in  the  plasma. 

To  eleminate  a dc  offset  problem,  the  microwaves  were  pulsed. 

Figure  10  shows  the  experimental  arrangement  used.  The  microwave  pow- 
er applied  to  the  plasma  was  pulsed  using  a Sanders  200  watt  micro- 

5 

w*ve  switch  with  a rise  time  less  than  a microsecond,  and  a repetition 
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rate  greater  than  50  Hz.  The  voltage  ramp  applied  to  the  plasma  was 
the  same  as  in  Figure  9.  A PAR  boxcar  integrator  was  used  to  set  the 
aperture  time  for  the  measurement  of  the  plasma  electric  drift  field 
taken  from  the  high  impedance  probes. 

In  this  arrangement  the  microwaves  were  on  for  most  of  the  50  Hz 
period  and  turned  off  for  a short  time.  This  was  necessary  in  order 
to  get  repetitive  re-ignition  of  the  plasma  at  low  powers.  It  was  dis- 
covered that  this  off-time,  at  the  lowest  powers  of  15  watts  and  5 torr 
of  argon,  could  be  extended  to  at  least  300  microseconds.  However,  this 
method  for  probe  measurements  did  not  prove  profitable  because  there 
was  no  adequate  differential  amplifier  readily  available.  The  ampli- 
fier would  have  to  have  a frequency  response  on  the  order  of  10  MHz, 
a high  input  impedance  of  about  100  Mil,  a common  mode  rejection  greater 
than  103,  and  a voltage  input  capability  of  ±10  volts. 

Measurements  of  the  electron  density  in  helium  using  the  arrange- 

4 

ment  shown  in  Figure  9 provided  a correction  to  earlier  measurements 
by  eliminating  electrode  sheath  potential  drop  and  using  pure  drift 
plasma  electric  fields.  For  argon,  however,  the  measurement  proved  much 
more  difficult. 

With  no  dc  voltage  applied  to  the  plasma,  there  was  a voltage  off- 
set between  the  probes  that  was  found  to  be  dependent  on  pressure, 
flow,  microwave  power,  and  position  of  the  flow  tube  with  respect  to 
the  applicator.  The  voltage  offset  between  the  probes  with  no  voltage 
applied  to  the  electrodes  changed  strongly  with  small  changes  of  the 
tube  height  off  the  applicator,  and  the  longitudinal  position  of  the 
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tube  with  respect  to  the  applicator.  The  offset  voltage  changed  only 
slightly  with  small  changes  of  the  transverse  position  of  the  tube  with 
respect  to  the  applicator. 


This  voltage  offset  varied  from  approximately  -10  V to  +10  V and 
could  be  varied  by  changing  the  position  of  the  tube  with  respect  to 
the  applicator.  The  electric  field  corresponding  to  a 10  volt  offset 
between  the  probes  is  about  2 V/cm.  Because  of  the  difference  in  con- 
ductivity for  helium  and  argon,  typical  measurements  of  the  electric 
field  between  the  probes  for  helium  was  0.1  V/cm  and  for  argon  was  5 X 
10- 3 V/cm.  Thus,  for  most  measurements  made  on  argon,  the  field  between 
the  probes  with  no  voltage  applied  to  the  electrodes  is  much  greater 
than  the  field  produced  from  the  applied  voltage. 

To  investigate  the  possibility  that  the  measured  offset  was  not 
an  effect  of  the  microwave  leakage  on  the  electronic  measuring  devices, 
a Hewlett-Packard  431C  microwave  power  meter  was  used  to  monitor  the 
amount  of  the  microwave  power  transmitted  along  the  coaxial  cables 
used  to  connect  the  equipment.  The  transmitted  microwave  power  level 
in  the  coaxial  cables  was  about  one  microwatt  at  100  watts  input  to 
the  applicator  with  or  without  a plasma  produced  in  the  flow  tube. 

The  offset  voltage  between  the  probes  was  only  present  when  a plasma 
was  produced  in  the  flow  tube.  However,  the  microwave  power  trans- 
mitted through  the  cables  to  the  instruments  was  the  same  with  or  with- 
out a plasma  present.  Therefore,  it  was  concluded  that  the  measured 
offset  voltage  was  produced  between  the  probes,  and  was  not  a reading 
produced  from  the  microwaves  interfering  with  the  electronic  measuring 
devices. 
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When  attempting  to  obtain  measurements  of  the  electron  density  in 
argon,  using  the  arrangement  of  Figure  9,  it  was  found  that  the  probe 
measurements  could  be  made  only  if  the  tube  was  alligned  on  the  appli- 
cator so  that  there  was  approximately  zero  voltage  between  the  probes 
with  no  voltage  applied  to  the  electrodes.  However,  this  did  not  re- 
present a satisfactory  solution  to  the  problem  since  the  uniformity  of 
the  plasma  produced  by  microwave  breakdown  in  the  applicator  is  depen- 
dent on  the  height  of  the  tube  off  the  applicator  at  the  power  input 
end  of  the  applicator.2  Even  though  it  was  possible  to  eliminate  the 
voltage  offset  between  the  probes,  there  was  still  the  problem  of  having 
a nonuniform  plasma  produced,  such  that  the  plasma  density  was  much 
higher  at  one  electrode  than  the  other.  This  was  coupled  with  the  prob- 
lem of  mounting  the  tube  so  that  it  could  be  adjusted  with  respect  to  the 
applicator,  but  would  still  be  extremely  stable  during  measurements  to 
eliminate  changes  of  one  part  in  ten  thousand  in  the  offset  voltage  while 
measurements  of  the  current  and  probe  voltage  were  being  taken. 

In  attempting  to  eliminate  these  problems  several  arrangements  were 
used,  culminating  in  the  set-up  shown  in  Figure  10.  If  the  voltage  off- 
set between  the  probes  was  due  to  a rectification  of  the  microwave  power 
by  the  plasma  sheaths,  then  pulsing  the  microwaves  and  making  the  field 
measurements  when  the  microwave  power  was  off  would  eliminate  the  voltage 
offset. 

On  the  other  hand,  diffusion  fields  from  plasma  inhomogeneities 
would  not  imnediately  dissipate  when  the  microwaves  were  turned  off. 
Although  the  differential  amplifier  response  time  was  not  fast  enough  to 
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follow  the  pulse  of  the  microwave  power,  the  large  magnitude  of  the  off- 
set favored  the  local  diffusion  field  explanation. 

In  a microwave  produced  plasma  with  an  external  applied  field  for 
transport,  there  is  a current  density  produced  given  by 

J = NeeVd  (1) 


where 

j is  current  density 
Ng  is  electron  density 
e is  electron  charge 
Vd  is  electron  drift  velocity 

and 

vd  = ueE  (2) 

where 

pg  is  the  electron  mobility 
and 


E is  the  applied  field. 

Since  the  plasma  is  produced  totally  by  the  effective  microwave 
field,  E^.andis  not  a function  of  the  small  electric  field,  E^, 
which  is  applied  just  for  transport  of  electrons  and  ions  to  obtain 
current  measurements,  then  the  mobility  of  the  electrons  Pe[^e^]  is 
a function  of  the  applied  microwave  field  only,  and  the  drift  velocity 
in  Eq.  (2)  is  the  product  of  the  mobility  and  electric  field,  EDC,  or 
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(3) 


Vd  = ^etEeff^EDC  ' 

Then  Eq.  (1)  can  be  written  as 

j = Nee^e^eff^EDC  * 

6 

Since  the  microwave  power  density  absorbed  in  the  plasma  is  given  by 

w - W*f 


rN  eu 


Substitution  of  Eq.  (4)  in  Eq.  (6)  gives 

hff  ‘ST  • i 

J 

The  effective  microwave  field  (Eeff)  calculated  from  Eq.  (7)  can  then 

7 

be  used  with  the  data  given  by  Huxley  and  Crompton  for  helium  and  by 
e 

Gilardini  for  argon  to  determine  the  mobility  of  the  electrons.  The 
electric  field  (E^)  is  determined  from  the  probe  measurements  and  the 
current  density  is  determined  from  the  measurements  of  the  current 
through  the  10ft  resistor.  The  electron  density  can  then  be  determined 
by  rearranging  Eq.  (4)  to 

_ J 

Ne  e(n[Eeff])E0C 

Figure  11  shows  data  taken  for  helium  using  the  configurations  of 
Figure  9.  Curve  1 is  the  current-voltage  measured  between  the  electro- 
des. Curve  2 is  the  electrode  voltage  plotted  against  the  probe  vol- 
tage. From  these  curves  for  helium: 


HELIUM 
<>,100  watts 


FIGURE  11  - HELIUM  I-V  CHARACTERISTIC  CURVE 


Eoc  - 11  V/m 
j = 27  A/m2 

Eeff  = 9.5  X 102V/m 

^eff/p  = V/cm-torr  = 5.8  Td 
ye[Eeff]  = 1.3  X 105  cm2/V-sec 

which  gives 

N = 1.2  X 1012/cc 
eHe 

Figure  12  shows  the  best  example  of  data  taken  for  argon  under 
the  fortuitous  condition  that  the  offset  voltage  was  approximately  zero 
and  the  plasma  produced  in  the  flow  tube  appeared  to  be  reasonably  un- 
iform between  the  electrodes.  Curve  1 shows  electrode  voltage  plotted 
as  a function  of  electrode  current.  Curve  2 is  the  voltage  on  the 
electrodes  plotted  against  the  probe  voltage.  From  these  curves  for 
argon: 

Eqc  = *6  V/m 

j = 12.5  A/m2 
E ff  - 1.3  X 102  V/m 

Eeff/  = .26  V/cm-torr  = .79  Td 
Pe[Eeff]  = 5 X 10s  cm2/V-sec 


(9) 
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which  gives 


N = 2.6  X 1012/cc  (JO) 

eAr 

Figure  13  shows  the  electron  density  of  a helium  plasma  as  a func- 
tion of  pressure  for  various  microwave  powers.  As  power  increases, 
the  maximum  density  shifts  toward  higher  pressures. 

The  results  of  experiments  conducted  on  the  measurement  of  the 
probe  voltage  in  an  argon  plasma  produced  by  microwave  breakdown  with 
transport  from  an  external  dc  field  indicate  that  the  problem  of  offset 
voltages  may  be  due  to  localized  plasma  inhomogeneities.  The  resulting 
plasma  density  inhomogeneity  due  to  varying  microwave  power  absorption 
along  the  tube  at  the  interdigital  spacings  produced  localized  voltages 
due  to  the  higher  mobility  of  the  electrons  as  compared  to  the  ions  in 
the  plasma.  A possible  method  of  invesitgation  of  the  current- voltage 
characteristics  then  would  be  to  make  measurements  transverse  to  the 
applicator  and  to  the  tube.  For  these  measurements  the  probes  would 
then  be  at  the  same  offset  potential  in  the  tube. 

3.  OXYGEN  SINGLET  DELTA  MEASUREMENTS 

The  percentage  of  02  a'Ag  produced  in  a microwave  induced  02  dis- 
charge was  measured.  Interest  in  the  production  of  the  a'Ag  rnetastable 
of  oxygen  has  increased  since  the  indication  that  the  energy  transfer 

of  the  a'Ag  metastable  with  atomic  iodine  may  produce  a 1.3  pm  iodine 

8 

laser  line  of  high  efficiency.  Results  of  microwave  excitation  of  02 
show  that  sufficient  02  a'Ag  can  be  produced  to  create  a population 

9 

inversion  in  iodine  at  low  pressures.  The  experiment  consisted  of 
the  use  of  both  a McCarroll-type  Evenson  cavity  and  the  Gerl ing-Moore 
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FIGURE  13.  Electron  Density  in  Helium  as  a Function 
of  Pressure  for  Several  Microwave  Powers 


2.5kwatt  applicator  system  for  producing  an  02  discharge.  The  system 
used  is  shown  in  Figure  14.  A bottle  of  high  purity  02  (99.999%)  was 
used.  To  remove  water  vapor  the  gas  passed  over  room  temperature  zeo- 
lite to  the  flow  control  valve.  The  flow  was  monitored  with  a Hastings 
Mass  Flow  Meter.  A 13  mm  o.d.,  1 mm  wall,  quartz  tube  was  used  in  the 

discharge  region.  Downstream  of  the  discharge  a HgO  ring  was  deposited 

10,11 

for  the  removal  of  atomic  oxygen.  The  gas  flow  then  entered  into 

a 2 inch,  5 foot  long  Pyrex  tube,  where  an  SSR  Optical  Multi-channel 

Analyzer  was  used  to  monitor  the  intensity  of  the  634  nm  radiation 

which  results  from  the  emission  of  a single  photon  from  a colliding  pair 

1 2 

of  02  a Mg  metastables.  In  the  experiment  the  pressure  in  the  2 inch 
observation  tube  was  monitored  with  a Wallace  and  Tiernan  Vacuum  Gauge. 

The  pumping  was  produced  by  a Welch  1397  Vacuum  Pump  modified  for  02 
use. 

To  accomplish  the  deposition  of  HgO  on  a 13  nm,  1 mm  wall  quartz 
tube,  the  quartz  was  cleaned  first  with  alcohol,  then  acetone,  dilute 
nitric  acid  and  finally,  a distilled  water  flush.  The  tube  was  placed 
in  a pumping  system  as  shown  in  Figure  15.  A small  drop  of  mercury  was 
placed  in  the  elbow  of  the  Pyrex  tube  and  an  02  discharge  was  produced 
by  a McCarrol 1-type  Evenson  cavity.  The  Hg  was  heated  slightly  with  a 
heat  gun  and  a HgO  ring  was  formed  on  the  quartz  tube. 

Using  the  McCarrol 1 -type  Evenson  cavity,  and  holding  the  microwave 
power  constant  at  about  70  watts,  the  intensity  of  the  634  nm  radiation 
from  the  emission  of  a colliding  pair  of  02  Mg  was  measured,  i.e., 

02Mg  + 02Mg  -*■  02  3lg  + 023Zg  + hv^  . (11) 
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FIGURE  14  - Microwave  Discharge  System  For  The  Production  of 


FIGURE  15.  System  Used  For  Deposition  of  UgQ  on  A Quartz  Tube 


The  relative  number  of  02*Ag  produced  by  a 70  watt  microwave  dis- 
charge as  a function  of  pressure  is  shown  in  Figure  16.  This  curve  cor- 
relates very  well  with  the  70  watt  data  report  by  A.  MacKnight  and  P. 

9 

Modreski,  which  serves  as  an  absolute  calibration  of  the  percent  of 
02*Ag  produced.  This  corresponds  to  a production  of  about  25%  at  low 
pressures. 

The  interdigital  applicator  system  used  in  place  of  the  McCarroll- 
type  cavity.  Figure  14,  resulted  in  634  nm  radiative  intensities  on  the 
same  order  as  observed  with  the  Evenson  cavity  (see  Figure  16).  The 
applicator  was  also  used  to  obtain  data  on  the  634  nm  intensity  as  a 
function  of  applied  microwave  power.  The  average  of  5 measurements  were 
plotted.  The  results.  Figure  17,  show  a peak  in  the  intensity  of  the 
02lAg  at  about  100  to  120  watts  of  the  microwave  power. 

These  results  obtained  with  the  slow  wave  interdigital  applicator 
were  with  a longitudinal  flow.  This  type  of  configuration  may  give 
rise  to  a temperature  increase  of  the  gas  at  higher  microwave  power, 
such  that  optimum  power  loading  is  not  achieved,  since  the  gas  is  flow- 
ing along  the  applicator  for  the  entire  length  of  the  discharge.  In 
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a transverse  flow  configuration  where  the  applicator  is  perpendicular 
to  the  gas  flow,  the  gas  would  be  in  the  discharge  region  for  a much 
shorter  length  of  time,  and  an  increase  in  the  percent  of  (VAg  pro- 
duction may  be  achieved  at  the  same  power  levels. 


SECTION  III 


SANDWICH  APPLICATOR  SYSTEM 

1.  SYSTEM  DESCRIPTION 

In  order  to  obtain  higher  microwave  power  (5  kW)  input  into  the 
plasma  medium  and  a more  uniform  microwave  field,  a "sandwich"  of  two 
applicators  was  designed.  A picture  of  the  "sandwich"  applicator  is 
shown  in  Figure  18.  The  basic  concept  is  that  two  Gerl ing-Moore  slow 
wave  structure  interdigital  applicators  are  used  in  an  aluminum  shielding 
box,  with  the  active  surfaces  parallel  and  facing  each  other.  Threaded 
rods  separate  the  applicators,  support  the  upper  applicator,  and  allow 
the  perpendicular  distance  between  the  active  surfaces  to  be  varied  by 
the  vertical  movement  of  the  upper  applicator,  permitting  the  upper 
active  surface  longitudinal  movement  of  more  than  one  interdigital 
spacing  with  respect  to  the  lower  fixed  applicator. 

Shielding  of  microwave  radiation  from  around  the  movable  upper 
applicator  was  accomplished  by  a plate  attached  to  the  applicator  with 
finger  contact  along  the  sides  of  the  shielding  box.  The  sides  of  the 
box  have  a 20  inch  long  by  2 inch  high  slot  covered  with  perforated  20 
gauge  aluminum  sheet  for  observation  of  the  discharge.  The  ends  of 
the  box  have  one  inch  slots  for  insertion  of  longitudinal  flow  tubes. 
Copper  screen  around  the  longitudinal  flow  tube  was  attached  to  the 
ends  of  the  box  to  act  as  a wave  guide  below  cutoff. 

2.  OXYGEN  ATOM  PRODUCTION 

Molecules  of  oxygen  have  been  disassociated  into  atomic  species 
for  use  in  several  laser  systems.13  This  experimental  system  was  used 
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to  investigate  the  possibility  of  employing  the  slow  wave  structure, 
interdigital  meander  line  as  a microwave  applicator  for  the  production 
of  atomic  oxygen  for  laser  systems.  With  the  "sandwich"  applicator 
system  discussed  above,  measurement  of  the  oxygen  atom  production  from 
a uniform  high  power  microwave  field  incident  on  an  oxygen  flow  was 
performed. 

The  microwave  applicator  system  used  for  atom  production  experi- 
ments is  shown  in  Figure  19.  Two  Gerl ing-Moore  magnetron  power  supplies 
with  controllers  were  used  to  supply  2.5  kW  each  of  low  ripple  micro- 
wave  power.  A check  of  the  frequency  of  the  two  magnetrons  gave  the 
following  results.  Supply  177  had  a frequency  of  2.441  ± .001  GHz,  and 
supply  212  had  a frequency  of  2.448  ± .002  GHz. 

The  wave  form  of  the  microwave  power  output  of  the  Gerl ing-Moore 
power  supplies  was  examined.  The  output  of  the  crystal  detector  of  the 
microwave  power  meter  was  measured  on  a Tektronix  1A7A  differential 
amplifier.  For  power  levels  up  to  500  watts,  the  magnetrons  cut  off 
and  on.  At  full  power,  2.5  kwatts,  the  ripple  was  reduced  to  about  15% 
peak  to  peak  from  both  magnetrons  with  the  buck-boost  on  the  power  line 
of  supply  177. 

A comparison  check  of  the  calibration  of  the  microwave  power  meters 
was  performed.  All  meters  read  within  5%  of  calibration. 

Two  Airtron  three-port  circulators  were  modified  to  run  water 
cooled  with  2.5  kW  of  2.45  GHz  microwave  power  transmitted  and  reflected 
with  no  overheating  or  reflection  back  to  the  magnetrons.  The  dummy 
loads  were  tuned  so  that  less  than  10  watts  were  reflected  from  the 
water  cooled  loads  with  1000  watts  applied  with  quartz  tubing  replacing 
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FIGURE  19  - SANDWICH  APPLICATOR  SYSTEM 
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the  polystyrene  previously  used  in  the  loads. 

Three-port  circulators  with  loads  were  used  as  isolators  to  protect 
the  magnetrons  from  reflected  power  and  to  allow  the  system  to  be  oper- 
ated at  full  power  output  to  minimize  the  ripple  of  the  microwave  system. 
The  power  output  of  each  such  isolated  supply  went  through  a three-port 
circulator  to  a three-stub  tuner.  The  power  reflected  from  the  tuners 
was  directed  by  W284  waveguide  to  the  input  of  the  slow  wave  structure 
interdigital  applicators.  This  allows  the  power  applied  to  the  plasma 
to  be  controlled  as  determined  by  the  reflection  off  of  the  three-stub 
tuner  while  the  power  supplies  are  operating  at  maximum  output  and  thus 
minimum  ripple. 

Figure'  20  shows  the  flow  system  used  for  oxygen  atom  production. 

The  molecular  oxygen  and  helium  flows  are  measured  by  Hastings  mass  flow 
meters.  The  system  pressure  is  measured  with  a Wallace  and  Tiernan 
gauge.  The  oxygen  flows  over  a reservoir  of  distilled  water  which  adds 
0.6%  water  vapor  to  the  one  atmosphere  oxygen.  A titration  tube  is  used 
to  inject  N02  into  the  flow  to  determine  the  percent  of  oxygen  atom 
production  from  the  plasma  produced  by  the  microwave  field  in  the  sand- 
wich applicator. 

The  reaction  of  atomic  oxygen  with  N02  produces  a green  floures- 
cence.  When  this  flourescence  disappears,  the  oxygen  atom  flow  is  equal 
to  the  N02  flow.  The  reactions  below  proceed  such  that  when  there  is  a 
greater  number  of  oxygen  atoms  than  N02  moleucles,  the  green  fluorescence 
is  produced  by  the  second  reaction,  but  when  there  are  an  equal  or 
greater  number  of  N02  molecules,  the  oxygen  atoms  are  depleted  by  the 
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FIGURE  20  - OXYGEN  FLOW  SYSTEM 


first  reaction. 


0 + NOz  - NO  + 02  (13) 

NO  + 0 NO*  N02  + hv  (14) 

Because  reaction  (13)  is  so  much  faster  than  reaction  (14)  the  N02  flow 
rate  which  quenches  the  fluorescence  is  equal  to  the  oxygen  atom  flow 
rate. 

The  measurement  of  the  N02  flow  rate  requires  careful  consideration. 

A Hastings  type  of  mass  flow  meter  is  not  suitable  for  this  measurement, 
since  gaseous  N02  exists  in  an  equilibrium  mixture  of  N204  t 2N02  (for 
simplicity  hereafter  referred  to  as  the  N02  system).  The  percent  of  N02 
in  the  equilibrium  mixture  depends  on  temperature  and  pressure.  The 
principle  of  the  operation  of  a Hastings  type  of  mass  flow  meter  is 
that  it  heats  the  flowing  gas  and  the  corresponding  temperature  change, 
dependent  on  the  specific  heat  of  the  gas,  is  directly  proportional  to 
the  flow  rate.  However,  the  specific  heats  of  N204  and  N02  are  different, 
and  if  the  mixture  of  N204  and  N02  is  heated,  the  percent  of  dissociation 
of  N204 changes,  and  the  specific  heat  of  the  equilibrium  mixture  changes. 
Therefore,  the  use  of  any  mass  flow  meter  requiring  heat  transfer  is  pre- 
cluded since  the  specific  neat  of  the  mixture  is  strongly  dependent  on 
the  N02  system  equilibrium,  which  is  temperature  sensitive. 

The  titration  of  N02  was  achieved  by  the  method  shown  in  Figure  21. 

The  temperature  of  the  water  bath  was  maintained  constant  witin  2°C  for 
temperatures  between  18  and  25°C  by  means  of  a capacitance  type  sensor 
which  detects  the  column  height  in  a mercury  thermometer  and  controls 
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the  power  to  four  chromalox  heaters.  The  N02  flow  was  measured  by  a 
tapered  variable  area  flow  meter  with  a diameter  ratio  scale. 

The  NO 2 flow,  W,  is  given  by15 

W = CB  Y( Pf  " Pn02^  PN02  ’ 

where  B is  the  size  factor  constant  for  the  flowneter,  is  the  density 
of  the  flowmeter  float,  pNOz  is  the  density  of  the  N204  t 2N02  equili- 
brium, and  C is  the  flow  coefficient.  The  flow  coefficient  is  dependent 
on  the  hydraulic  characteristics  of  the  flowneter  and  the  fluid  being 
measured,  which  is  a function  of  the  flowmeter  geometry  and  a parameter 
called  the  viscous  influence  number,  VIN,  defined  as15 

vin  = A yj  (pf  - pn0;)  PNQ~  (16) 

wN02 

where  A is  the  size  factor  constant  of  the  tube  and  mNq2  is  the  viscosity 
of  the  N204  t 2N02  equilibrium.  The  constants  A and  B are  given  for  the 
flowmeters,  and  tables  supplied  by  the  manufacturer  relate  VIN  to  the 
flow  coefficient,  C,  as  a function  of  flowmeter  reading. 

Therefore,  the  diameter  ratio  scale  of  the  tapered,  variable  area 
flowmeter16  can  be  calibrated  in  mass  flow  rate  units  if  the  viscosity 
and  density  of  the  flowing  gas  are  known.  Sufficient  data  for  the  N02 
system  exist  to  determine  these  parameters. 

The  density  of  the  N02  system  was  obtained  in  the  following  manner. 

A flow  system  consisting  of  a cylinder  containing  liquid  N204  connected 
to  a ballast  and  flowmeter  by  stainless  steel  tubing  was  placed  in  a 
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constant  temperature  water  bath  (Figure  21).  The  boil  off  of  the  liquid 
N204  was  used  as  the  source  of  N02.  The  temperature  change  of  the  liquid 
due  to  boiling  was  negligible  due  to  the  thermal  stability  produced  by 
the  water  bath.  The  pressure  drop  in  the  tubing  and  across  the  flowmeter 
float  was  negligible,  and  the  residence  time  for  the  gas  in  the  tubing 
assured  thermal  equilibration  with  the  bath. 

If  the  fractional  dissociation  a,  of  the  N204  boil  off  at  equili- 
brium is  known  at  temperature  T,  then  the  pressure  measured,  P,  is  given 
by 

P V = n(l-a)RT(l+AjP)+2naRT(l+A2P)  (17) 

where  V is  volume,  n is  the  number  of  N204  molecules  with  no  dissocia- 
tion, R is  the  gas  constant,  Ai  is  the  gas  imperfection  for  N204,  and  \2 
is  the  gas  imperfection  for  N02.  If  we  assume  that  \\  for  N02  is  the  same 
as  for  C02  and  that17 

A i = 2A2  = .01 (294/T) 3 atm-1 

then 

PV  = nRT(l  + A ! P ) + naRT.  (18) 

Since  n = m/M  where  m is  the  mass  of  N204  with  no  dissociation  and 
M is  the  molecular  weight  of  N204,  then 

P = mRT(l  + a + A2P)/(MV)  (19) 

so  that  the  density,  p = m/V,  is  given  by 
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p = PM/[(1  + a + A ! P ) RT ] 

The  vapor  pressure,  P of  the  N02  system  as  a function  of  tempera- 
ture has  been  determined  with  more  than  sufficient  accuracy  in  our  range 
of  temperature,  293°K  < T < 298°K,  as 

Log10  P(atm)  = 6.03631  - 1798.54/(3.64  +T)  = Logi0h(T) 

The  equilibrium  constant,  K,  of  the  N02  system  is  given  by" 


K = 4a2  P/(l  - a2)  (22) 

Sets  of  very  good  measurements  of  the  equilibrium  constant  have  been 
made.19’20*21’22  This  data  is  plotted  in  Figure  22.  A least  squares  fit 
of  this  data  gives  an  equation  for  K as  a function  of  temperature,  i.e., 

Log io  K(atm)  = 9.3385  - 3041. 9/T  = Logic  g(T)  (23) 

The  slope  of  this  line  gives  a value  for  the  heat  of  reaction  of  58 
kJ/mole.  This  is  within  2%  of  the  value  given  in  the  JANAF  tables. 

We  can  now  determine  the  density  of  the  N204  system  as  a function 
of  temperature  only.  The  substitution  for  P and  a in  Eq.  20  with  Eqs. 

(21),  (22)  and  (23)  allows  the  density  to  be  written  as 


h(T)*M 

(l  + (g(T)/[4h(T)  + g(T)]>Js+  A,h(T))RT 


(24) 


Several  experimental  measurements  of  the  viscosity  of  the  N02  system 
as  a function  of  temperature  and  pressure  have  been  performed . 2W5 
Using  this  data  and  Eq.  (24)  to  determine  the  viscosity  and  density  of 
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FIGURE  22  - Log  K versus  1/T 


the  N02  system  as  a function  of  temperature,  the  N02  flow  can  be  calcu- 
lated from  the  known  flowmeter  tube  characteristics. 

To  analyze  possible  sources  of  error  in  the  calculations  of  the  N02 
flow,  limits  of  error  for  each  of  the  variables  discussed  were  estimated. 
The  corresponding  errors  in  the  N02  flow  were  calculated.  Table  I shows 
the  results  of  this  computer  analysis. 

To  determine  the  accuracy  of  this  method,  the  mass  loss  from  a 
reservoir  of  liquid  N204  during  a timed  run  was  measured.  This  loss  was 
compared  with  program  predictions  for  several  flow  rates.  The  measured 
error  range  was  4%  at  an  N02  flow  of  0.280  grams  per  minute  to  20%  at  an 
N02  flow  of  0.038  grams  per  minute.  By  determining  the  equilibrium 
density  and  viscosity  from  the  method  described,  it  is  possible  to  de- 
termine the  equilibrium  flow  rate  and,  thus,  the  equivalent  N02  flow 
needed  to  extinguish  the  flourescence  of  the  reaction  of  Eq.  (14). 

The  measurement  of  the  point  of  extinction  was  facilitated  by  the 
use  of  a 1P21  photomultiplier  tube.  The  N02  flow  was  increased  slowly 
until  the  photomultiplier  indicated  the  maximum  optical  output,  Im_  . 

At  This  point  the  N02  flow  was  then  increased  until  the  optical  intensity 
dropped  to  a value  of  2%  of  I . This  point  was  considered  extinction, 
and  the  N02  flow  was  equal  to  the  oxygen  atom  flow.  Tests  with  this 
method  show  that  an  N02  flow  reporducibility  of  about  2%  was  achieved. 

For  the  purpose  of  calculating  the  percent  of  oxygen  atom  produc- 
tion, Program  I of  the  Appendix  was  written.  Program  II  of  the  Appendix 
is  a listing  of  the  Block  Data  subprogram  which  contains  the  flow  coef- 
ficient data  for  the  viscous  influence  number  as  a function  of  flow- 
meter reading  as  supplied  by  the  manufacturer. 


TABLE  1 


THE  ACCURA  OF  THE  VARIABLES  USED  FOR  THE  N02  FLOW  CALCULATION  WAS  ESTI- 
MATED AND  THE  CORRESPONDING  LIMIT  OF  ERROR  IN  THE  FLOW  MEASUREMENT  IS 
SHOWN  FOR  THE  FLOW  RANGE  DISCUSSED. 


Estimated  Flow  Flow 

Variable  Limit  Error  Error 

of  error  at  .038  at  .280 

g/min  g/min 


T 

± 5% 

2.0% 

1.0% 

K 

± 5% 

0.3% 

0.2% 

P 

± 2% 

2.0% 

1.0% 

P 

± 2% 

2.0% 

1.0% 

Viscosity 

± 1% 

1.0% 

0.3% 

Flowneter 

reading 

t 1% 

(Full  scale) 

11.0% 

2.0% 

Initial  tests  of  the  oxygen  atom  flow  system  were  done  without  the 
water  reservoir  on  the  oxygen  flow.  It  was  found  that  the  percent  of 
oxygen  atom  production  decreased  with  time.  A possible  explanation  is 
that  the  heating  of  the  quartz  discharge  tube  by  the  plasma  was  cleaning 
the  water  from  the  walls  of  the  discharge  tube.  Since  the  presence  of 
water  in  the  discharge  increases  the  efficiency  of  dissociation  of 
oxygen,27  moist  oxygen  was  used  for  testing.  With  .6%  H20  added  to  the 
oxygen,  the  oxygen  atom  production  remained  at  a higher,  more  stable 
and  reproducible  rate  than  without  the  addition  of  water. 

Results  of  the  percent  of  oxygen  atom  production  as  a function  of 
microwave  power  absorbed  in  the  plasma  at  constant  flow  and  pressure  are 
shown  in  Figure  23.  A maximum  efficiency  for  the  Gerl ing-Moore  appli- 
cator system,  in  the  longitudinal  flow  configuration,  of  43  eV/atom  was 
observed.  This  was  in  a 1 cm  i.d.  quartz  tube  with  330  watts  absorbed 
in  moist  oxygen,  0.6%  H20,  at  an  oxygen  flow  of  450  seem  and  velocity  of 
2700  cm/sec,  and  with  a residence  time  in  the  50  cm  discharge  of  20  msec. 

A comparison  of  this  work  is  that  of  McFarlane28,  Bosisio  et  al2, 
and  Mearns  and  Morris27  is  given  in  Table  2.  The  lower  energy  per  atom 
required  for  short  residence  times  indicates  that  a transverse  flow 
across  the  present  applicator  would  significantly  increase  its  efficiency. 
3.  He-Ne  LASER 

The  operation  of  a laser  by  microwave  excitation  eleminates  the 
need  for  electrodes  and  thus  a source  of  contamination  to  the  laser 
medium.  Because  of  the  availibility  of  a quartz  tube  He-Ne  laser,  this 
was  chosen  for  initial  testing.  Figure  19  shows  the  microwave  appli- 
cator system  used  to  do  microwave  breakdown  tests  on  a quartz  tube 
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PERCENT  OXYGEN  ATOM  PRODUCTION 


1800 


A COMPARISON  OF  THE  OXYGEN  ATOM  PRODUCTION  EFFICIENCY  FOR  VARIOUS  METHODS 
OF  MICROWAVE  EXCITATION  IS  SHOWN. 


This 

Work 

McFarlane 

Bosisio 
et  al. 

Mearns 

Morris 

Tube  diameter  (cm) 

1 

3 

1.7 

1 

Flow  (seem) 

450 

940 

1000 

625 

Pressure  (Torr) 

2.7 

2.6 

8 

4 

Moist  02 

X 

X 

Quartz  tube 

X 

X 

X 

PTFE  Tube 

X 

Orthophosphoric  acid  coating 

X 

Velocity  (cm/s) 

2,700 

650 

700 

2,500 

Residence  time  (ms) 

20 

35 

130 

1 

Discharge  length  (cm) 

50 

22 

90 

2.5 

Power  absorbed  (watts) 

300 

900-1,350 

600 

13 

Efficiency  (eV/atom) 


43 


35-46 


80 


3.5 


He-Ne  laser.  The  laser29  (see  Figure  24)  was  a 28  cm  long,  6 mm  o.d., 

2 mm  precision  bore  quartz  tube,  fitted  with  internal  mirrors  and  elec- 
trodes for  dc  operation.  The  tube  was  filled  to  1.9  torr  with  a mix  of 
87.5%  He4  and  12.5%  Ne20 . 

The  tube  was  placed  in  the  "sandwich"  applicator  and  an  attempt  was 
made  to  obtain  uniform  ionization  of  the  gas  in  the  tube  with  microwaves 
only.  The  tube  was  tried  in  several  positions  with  respect  to  the  appli- 
cators' active  surfaces,  ending  with  the  tube  across  the  applicators  with 
the  output  mirror  touching  the  surface  of  the  lower  applicator.  The  tube 
was  at  an  angle  to  the  applicator  such  that  the  middle  of  the  tube's 
cross  section  over  the  interdigital  spacings  was  at  a height  of  about  6 mm 
at  the  low  power  end  of  the  lower  applicator  and  about  12  mm  at  the  power 
input  end  of  the  lower  applicator.  About  25  mm  of  the  tube  extended  off 
the  active  surface  at  the  low  power  end  of  the  applicator  and  about  76  irm 
extended  off  the  active  surface  at  the  power  input  end  of  the  applicator. 
With  about  800  watts  of  microwave  power  only  transmitted  to  the  applicator 
and  about  100  watts  absorbed  by  the  tube,  lasing  action  was  achieved. 

A Spectra  Physics  401B  power  meter  was  used  to  measure  the  las^r 
output.  With  the  laser  operating  with  dc  power  only,  a variation  in  the 
laser  power  output  indicated  that  alignment  clamps  to  stablize  the  laser 
tube  were  necessary. 

With  the  output  end  of  the  laser  mounted  to  the  applicator  with  a 
teflon  mount,  and  the  reflector  on  a movable  teflon  mount  connected  to  a 
Lansing  mount,  a current  controlled  dc  discharge  at  9mA  and  3000V  was 
used  to  align  the  laser.  A maximum  power  of  2.5  mW  was  obtained.  This 
was  maintained  for  30  minutes  without  adjustments.  When  the  microwave 
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FIGURE  24  - QUARTZ  TUBE  He  - Ne  LASER 


shield  was  placed  over  the  applicator,  optical  power  output  decreased  to 
2.4  mW.  With  the  tube  in  this  mounting  system,  it  was  not  possible  to 
move  the  upper  applicator  to  a position  where  there  was  efficient  coup- 
ling of  the  microwaves  to  the  laser  tube.  Therefore,  the  following  tests 
were  run  with  only  the  lower  applicator  delivering  microwave  power  to 
the  laser. 

Maximum  output  of  the  laser  with  only  microwave  breakdown  of  the  gas 
was  0.3  mW  with  250  W absorbed  in  the  gas.  Lasing  continued  as  laser 
power  decreased  to  a minimum  of  0.05  mW  at  140  watts  absorbed  with  a 
discharge  of  about  10  cm  length  in  the  tube. 

Figure  25  shows  the  circuit  used  to  measure  the  change  in  the  laser 
beam  optical  power  output  of  a constant  current  discharge  with  applica- 
tion of  microwave  power  to  the  tube.  The  tube  was  ignited  at  a con- 
trolled current  of  9mA  at  3000  volts  with  2900  volts  measured  at  the 
voltage  probe.  Alignment  of  the  tube  gave  maximum  power  of  2.6  mW  with 
7 lasing  modes  measured  with  a Coherent  Optics  model  470  spectrum  ana- 
lyzer. The  tube  was  then  lit  with  only  microwave  power  with  about  140 
watts  absorbed  with  .09  mW  laser  output.  Four  lasing  modes  were  observed. 
In  both  the  pure  dc  and  microwave  tests,  the  lasing  modes  changed  with 
time  due  to  warm-up  of  tube,  stabilizing  after  the  tube  reached  thermal 
equilibrium. 

With  the  tube  lit  with  pure  dc  power  and  the  current  controlled  at 
5mA,  the  tube  was  allowed  to  reach  thermal  equilibrium.  Alignment  of 
the  tube  gave  a maximum  power  output  of  1.75  mW.  Table  3 lists  the 
data  for  the  change  in  optical  power  output  with  application  of  micro- 
wave  power.  Figure  26  shows  the  change  in  optical  output  as  a function 
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TABLE  3 


DATA  ON  THE 

WAVE  ENERGY 

CHANGE  IN  A DC 

IS  ABSORBED  IN 

OPERATED  Ne-Ne  LASER'S  POWER  OUTPUT  AS  MICRO- 

THE  LASING  MEDIUM  IS  LISTED. 

Microwave 

Microwave 

Power  to 

Power 

Microwave 

Appl icator 

Transmitted 

Power  Ab- 

(Watts) 

Through 

sorbed  in 

Laser 

Appl icator 

Applicator 

Current 

Voltage 

Power 

(Watts) 

(Watts) 

(MA) 

(Volts) 

(MW) 

0 

0 

0 

5.0 

2475 

1.75 

10 

40 

5.0 

2450 

1.75 

100 

30 

70 

5.0 

2425 

1.80 

150 

50 

100 

5.0 

2410 

1.81 

200 

75 

125 

5.0 

2400 

1.84 

250 

105 

145 

5.0 

2400 

1.84 

300 

140 

160 

5.0 

2375 

1.88 

350 

160 

190 

5.0 

2325 

1.80 

400 

210 

190 

5.0 

2250 

1.75 

450 

250 

200 

5.0 

2250 

1.75 

500 

300 

200 

5.0 

2200 

1.80 

550 

330 

220 

5.0 

2150 

1.80 

600 

390 

210 

0 

2900 

0 

800 

— 

600 

200 

0 

2900 

.175 

of  microwave  power  absorbed.  This  shows  that  the  optical  output  power 
increases  as  microwave  power  increases  up  to  about  160  watts  and  then 
decreases  rapidly  as  the  microwave  power  increases  above  this  power 
level . 

The  tube  was  then  tested  with  cooling  air  blown  across  it,  but  no 
difference  was  seen  in  the  optical  output  power.  A test  of  higher 
microwave  power  applied  to  the  tube  was  attempted.  However,  the  epoxy 
seal  at  the  output  end  of  the  tube  was  damaged  and  the  tests  were  halted. 

Although  laser  power  output  was  at  a relatively  low  level,  the 
operation  of  a He-Ne  laser  on  the  interdigital  applicator  was  achieved. 
Because  of  the  advantage  of  being  able  to  operate  a laser  with  no  inter- 
nal electrodes,  which  increase  the  impurities  and  limit  the  lifetime  of 
the  laser,  further  investigation  of  this  method  is  warrented.  Laser  can- 
tidates  would  include  eximer  lasers  and  metal  halides. 
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SECTION  IV 


TWIN  ANTENNA  IRRADIATOR  SYSTEM 
1.  SYSTEM  DESCRIPTION 

The  need  for  pulsed  ultraviolet  sources  for  photolysis  has  demanded 
emphasis  on  a new  regime  in  pulsed  light  sources  requiring  higher  tem- 
peratures and  efficiencies  for  the  production  of  electromagnetic  radia- 

3 0 

tion  with  wavelengths  of  220  nm  to  350  nm.  These  new  demands  raise  some 
questions  as  to  whether  the  traditional  xenon  flash  tubes  would  be  the 
most  effective  source.  It  seems  that  other  modes  of  excitation  and  other 
gases  might  be  more  suitable. 

A recent  development  in  cw  ultraviolet  sources  using  a 2.45  6Hz 
microwave  excited  mercury  arc  tube  has  lead  to  efficiencies  at  least 
equivalent  to  the  direct  electric  mercury  arc  with  much  longer  lifetimes 
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(3000  hours  warranty)  for  the  electrodeless  tubes.  An  air  cooled  twin 
antenna  irradiator  in  its  commercial  form  deposits  120  watts  per  centi- 
meter along  a 25  cm,  8 nm  i.d.  tube.  With  a microwave  power  input  of 
3000  watts  from  65%  efficient  magnetrons,  the  uv  output  in  the  region  of 
interest  was  about  1000  watts,  resulting  in  an  overall  efficiency  some- 

3 1 

what  better  than  20%. 

Before  the  advent  of  the  xenon  flash  tube  which  proved  so  superior 
in  the  visible  soectrum,  some  work  was  done  with  pulsed  electric  dis- 

32 

charge  mercury  tubes.  These  studies  were  done  with  cold  tubes  with 
an  average  temperature  close  to  ambient.  The  tubes  contained  an  excess 
of  condensed  mercury  in  a few  torr  of  argon.  When  excited  with  a high 
voltage  pulse  with  a half-width  of  about  3 usee  at  a one  megawatt  power 
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level,  a corresponding  width  for  the  light  pulse  was  produced  with  an 
output  of  30  lumens  per  watt  and  thus  an  efficiency  of  up  to  one-half 
that  of  the  cw  irradiator  produced  light. 

For  these  reasons  a feasibility  test  on  the  pulsed  ultraviolet 
production  from  microwave  excited  plasmas  was  undertaken.  As  a starting 
point  the  commercially  available  mercury  filled  tubes  were  tested  with 
the  twin  antenna  irradiator. 

Initially  this  system  was  operated  with  a cw  microwave  input  at  both 
slotted  antennas  to  ascertain  the  cooling  and  tuning  required  for  operation. 
The  microwave  system  used  for  cw  testing  is  shown  in  Figure  27.  Two  2.5 
kW  magnetrons  fed  power  to  the  irradiator.  Circulators  with  water  cool- 
ed dummy  loads  protected  the  magnetrons  from  reflected  power.  The  E-H 
tuner  and  the  3-stub  tuners  were  used  to  produce  the  correct  coupling 
and  thus  eliminate  hot  spots  in  the  quartz  of  the  mercury  plasma  tube. 

The  plasma  tubes  were  mounted  in  the  irradiator  inside  a quartz  cylinder 
through  which  cooling  air  was  passed.  A 1-1/2  horsepower  Rotron  blower 
provided  cooling  air  for  the  discharge  tube.  The  system  was  housed  in 
a screen  room  to  afford  protection  from  microwave  radiation  leakage.  A 
Holaday  radiation  monitor  was  used  as  an  interlock  in  the  system  to  pre- 
vent operation  when  microwave  leakage  exceeded  a preset  level,  (0.01 
mW/cm2  to  1 mW/cm2). 

The  output  of  the  discharge  tube  was  measured  outside  the  screen 
room  (Figure  28).  The  ultraviolet  radiation  passed  through  a 10  db 
quartz  neutral  density  filter  and  a waveguide  below  cutoff  which  was 
mounted  through  the  screen  room  wall.  Outside  the  screen  room,  a 1P28 
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FIGURE  27.  Twin  Antenna  Irradiator  System 
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FIGURE  28.  Instrumentation  for  CW-UV  Spectral  IIeasurements 


photomultiplier  at  900V  with  a 1/4  meter  Oarrell-Ash  monochromator  was 
used  to  examine  the  ultraviolet  output.  The  signal  from  the  photomulti- 
plier, was  amplified  by  a current  to  voltage  converter  with  a gain  range 
of  106  to  1012.  This  output  was  recorded  on  a Hewlett  Packard  7004B 
chart  recorder  which  gave  a permanent  record  of  tne  ultraviolet  spectrum. 

The  twin  antenna  irradiator  has  two  modes  of  operation  with  the  mer- 
cury tubes.  Although  there  is  an  empty  cavity  mode,  probably  the  half 
cylinder  TEm  mode,  that  is  important  for  initial  breakdown  of  the  gas 
in  the  plasma  tube,  both  the  operational  modes  appear  to  be  coaxial  with 
the  mercury  tube  forming  the  center  conductor  element  of  the  coax.  The 
mode  in  which  the  cw  operated  tubes  normally  are  run  is  a very  lossy  TEM 
coaxial  mode  where  the  power  input  from  each  antenna  is  absorbed  along 
the  discharge  tube  in  an  e-folding  length  of  about  half  the  cavity 
length.  In  the  other  mode  of  operation  a coaxial  cavity  is  formed,  with 
the  mercury  plasma  as  a much  less  lossy  effective  center  conductor, 
providing  the  usual  standing  wave  coaxial  mode.  In  this  case  there  are 
three  antinodes,  representing  a cavity  of  three  half  wavelengths  in 
length. 

Proper  operation  of  the  tube  required  that  a visual  check  was  made 
as  the  tube  heated.  This  was  accomplished  by  turning  on  the  microwave 
power  until  the  discharge  changes  from  a conductive  coaxial  mode  to  a 
lossy  coaxial  mode.  At  this  time,  the  cooling  air  was  turned  on.  After 
the  tube  was  operated  in  this  mode  for  a few  seconds,  the  microwave  power 
was  switched  off  a visual  check  for  "red  spots"  on  the  quartz  tube  was 
made.  If  a hot  spot  was  present,  the  cooling  air  flow  and  the  micro- 
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wave  coupling  were  changed  until  the  spot  was  no  longer  observed.  Once 
proper  coupling  and  cooling  were  established  the  tube  would  run  repro- 
ducibly  without  hot  spots.  Figure  29  shows  a typical  spectrum  taken  at 
960  watts  cw.  Sample  spectra  were  recorded  for  a number  of  conditions 
to  have  available  for  comparison  studies  and  to  compare  with  the  effic- 
iences  reported  for  the  twin  antenna  irradiator.  In  the  lossy  coaxial 
mode  with  input  powers  up  to  1200  watts  the  coupling  was  about  90%  effi- 
cient. The  spectra  showed  increasing  band  intensities  in  the  220  to  235 
nm  and  254  to  270  nm  bands  with  increasing  power  and  spectral  efficien- 
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cies  similar  to  those  reported  by  Fusion  Systems.  Comparing  these  to 
standard  direct  electric  mercury  arc  lamps,  the  temperatures  at  the 
center  were  about  7500°K;  the  electric  fields  were  about  60  volts  per 
centimeter;  and  the  electron  densities  were  about  1015/cc.33 

In  the  conductive  coaxial  mode  the  spectral  efficiency  was  about 
50%  or  higher,  although  the  microwave  power  coupling  was  reduced  to  the 
order  of  50  to  75%.  This  mode  required  considerably  more  tube  cooling 
to  operate. 

2.  PULSED  ULTRAVIOLET  MEASUREMENTS 

The  invesitgation  of  pulsed  mercury  discharges  was  undertaken  next. 
The  cw  microwave  power  meters  were  calibrated  for  pulsed  work.  The  out- 
puts of  the  power  meters  were  monitored  on  a Tektronix  scope  and  a cal- 
ibration for  pulsed  powers  up  to  4500  W was  accomplished. 

The  system  used  for  pulsed  work  is  shown  in  Figure  30.  The  power 
combiner  was  tuned  with  the  Gerling-Moore  cw  system  and  the  Epsco  pulse 
unit-2.  The  microwave  pulse  generators  were  triggered  by  a HP3310A 
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FIGURE  29.  Mercury  Spectrum  of  930  Watt  CW  Discharge 
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FIGURE  30.  Instrumentation  For  Pulsed  Microwave 
Application  to  the  Twin  Antenna  Irradiator 


function  generator  at  100Hz  and  were  typically  set  for  a microwave  pulse 
width  of  2.6  usee. 

To  obtain  initial  information  on  the  effect  of  pulsing  the  Hg  dis- 
charge, the  output  of  the  1P28  photomultiplier  was  monitored  on  a Tek- 
tronix scope  with  a 1A7A  plug-in  with  a 1 usee  time  response  plug-in 
and  a 50  SI  load  resistor  following  the  dynode  chain  giving  a x50  current 
to  voltage  converter.  With  the  monochrometer  set  at  the  peak  of  the 
253.7  nm  Hg  line,  measurements  were  made  of  the  photomultiplier  current. 
The  resulting  current  outputs  for  discharges  of  cw  only,  pulsed  only, 
and  both  cw  and  pulsed  are  shown  in  Table  4. 

Measements  of  the  peak  of  the  pulse  light  output  over  a .5  usee 
interveral  listed  in  Table  4 show  that  the  increase  in  the  uv  power 
output  for  the  pulsed  discharge,  as  compared  to  the  cw  discharge,  does 
not  scale  with  the  increase  in  microwave  power.  The  optical  pulse, 
however,  had  a very  long  tail  which  indicates  that  the  emission  of  uv 
radiation  is  occurring  over  a time  span  much  longer  than  the  microwave 
pulse. 

With  a maximum  microwave  power  pulse  of  8000  watts  into  the  tube, 
breakdown  would  occur  in  a room  temperature  tube  with  the  pulse  at  2 
usee  or  longer.  The  ultraviolet  pulse  output  was  about  1 usee  in  dur- 
ation, but  of  very  low  intensity,  and  the  coupling  of  the  pulsed  micro- 
wave  power  was  poor,  typically  less  than  50%.  Heating  the  mercury  tube 
with  a hot  air  blower  caused  the  discharge  to  extinguish.  The  scaling 
with  power  to  one  megawatt  is  not  known,  although  it  is  certainly  anti- 
cipated that  breakdown  will  occur  more  rapidly,  eliminating  the  micro- 
second delay,  and  that  higher  pressures  could  be  reached  without  extin- 
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TABLE  4 

A COMPARISON  OF  THE  UV  OUTPUT  FROM  A MERCURY  DISCHARGE  WHEN  OPERATED 
CW  AND  PULSED. 


Power 

1P28 

Output 

uv  output  pulse 
width  at  half  max. 
with  2.6  usee,  micro- 
wave  pulse 

cw  llOw 

1X10"6  amp. 

pulsed  5500w 

1 . 6X10“ 6 amp.  max. 

1.5  usee. 

cw  llOw  + pulsed  5500w 

1 . 1X10“ 5 amp.  Max. 

2.5  usee. 

guishing  the  discharge. 

To  operate  with  the  plasma  at  higher  pressures,  it  was  necessary  to 
maintain  a cw  microwave  power  level  sufficient  to  heat  the  mercury  in  the 
plasma  tube  to  the  temperature  needed  to  produce  the  desired  pressure. 

The  first  attempt  was  with  the  cw  microwave  power  applied  at  only  one 
antenna  and  the  pulsed  microwave  power  continuing  to  be  applied  at  both 
antennas.  With  this  arrangement,  however,  the  sustainer  discharge  was 
nonuniform,  and  the  tube  was  not  heated  at  one  end,  resulting  in  the 
pressure  of  the  mercury  being  controlled  by  the  cold  end  of  the  tube. 
Since  only  one  power  combiner  was  available,  the  cw  microwave  power  was 
fed  into  both  antennas  with  equal  input  powers,  and  the  pulsed  power 
was  applied  to  only  one  antenna.  In  Figure  30  pulse  unit-1  was  re- 
placed with  a cw  microwave  power  generator. 

In  order  to  give  some  independent  control  of  the  mercury  pressure 
at  low  cw  microwave  sustainer  powers,  a blower  was  used  with  a variable 
heating  element  allowing  control  of  the  temperature  of  the  air  blown 
over  the  plasma  tube.  At  higher  cw  microwave  sustainer  powers,  some 
control  of  the  temperature  of  the  plasma  tube  was  possible  by  changing 
the  rate  of  flow  of  the  cooling  air. 

Spectral  measurements  of  the  ultraviolet  output  were  made.  How- 
ever, use  of  the  cw  sustainer  system  complicated  the  task  of  making 
time  resolved  spectral  measurements  since  the  ultraviolet  pulse  signal 
was  now  riding  on  the  cw  sustainer  background  signal.  To  obtain  time 
resolved  spectra,  the  experimental  arrangement  shown  in  Figure  31  was 
used.  The  pulse  generator  was  set  at  a frequency  of  200  Hz.  This 
pulse  was  used  to  trigger  the  PAR  boxcar  and  the  Tektronix  547  scope 
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and  was  the  input  of  the  547  scope.  Two  pulses  were  displayed  on  the 
scope,  thus  giving  the  gate  output  of  the  scope  a frequency  of  100  Hz, 
or  half  the  input  frequency.  The  gate  output  of  the  547  scope  was  used 
as  the  trigger  for  the  microwave  pulsed-power  supply  and  as  the  input 
reference  frequency  for  the  PAR  lock-in  amplifier. 

A Jarrell -Ash  quarter  meter  monochromator  with  a motor  drive  set 
at  25  nm  per  minute  was  used  to  examine  the  ultraviolet  spectrum  of  the 
plasma.  The  radiation  was  detected  with  a 1P28  photomultiplier.  The 
output  of  the  photomultiplier  was  fed  into  the  50  51  input  of  the  boxcar. 
The  boxcar  was  operated  in  the  delay  mode  with  a 50  usee.  ramp.  The  ap- 
erature  time  was  set  at  0.5  ysec.  with  a 100  usee,  time  constant.  The 
gate  was  displayed  on  the  Tektronix  556  scope  along  with  the  pulse  signal 
from  the  photomultiplier.  The  boxcar  delay  was  set  so  that  the  gate 
coincided  with  the  maximum  of  the  ultraviolet  pulse  signal.  The  output 
of  the  boxcar  was  then  a square  wave  with  the  amplitude  corresponding 
to  the  Jifference  between  pulse  maximum  and  the  cw  sustainer  level.  This 
square  wave,  with  a frequency  of  200  Hz,  was  input  to  the  lock-in  ampli- 
fier through  a lOx  attenuator  and  type  C preamplifier.  The  output  of 
the  lock-in  amplifier  was  the  pulsed  ultraviolet  signal  minus  the  cw  sus- 
tainer ultraviolet  signal.  A record  of  this  spectral  output  was  made  on 
a Hewlett  Packard  chart  recorder 

A series  of  spectra  was  taken  under  various  conditions.  First  the 
cw  sustainer  discharge  was  operated  in  the  conductive  coaxial  mode  at 
low  powers  and  at  temperatures  near  room  temperature.  Then  the  cw  sus- 
tainer discharge  was  operated  in  the  lossy  coaxial  mode  at  low  powers 
and  exit  air  temperatures  around  150°C.  Finally  the  cw  sustainer  was 
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operated  at  higher  powers  in  the  lossy  coaxial  mode  with  exit  air  tem- 
peratures of  about  210°C.  For  all  these  conditions,  the  pulsed  micro- 
wave  power  was  3000  ± 200  watts  with  pulse  lengths  of  1,  2 and  4 ysec. 

The  relative  intensity  of  the  spectral  lines  was  determined  in  the 
following  manner.  The  spectral  efficiency  of  the  3000  blaze  grating  of 
the  Jarrell-Ash  quarter  meter  monochromator  was  multiplied  by  the  spec- 
tral sensitivity  of  the  1P28  photomultiplier  tube  giving  the  combined 
instrument  sensitivity  for  the  spectral  region  of  interest.  The  normal- 
ized  instrument  sensitivity  as  a function  of  wavelength  is  shown  in  Fig- 
ure 32.  The  relative  intensity  was  determined  by  measuring  the  area 
under  the  lines  of  the  raw  spectra  and  multiplying  this  area  by  the  rela- 
tive instrument  sensitivity  factor. 

Typical  raw  spectra  are  shown  in  Figure  33  and  34.  For  both  of 
these  spectra  the  microwave  sustainer  power  was  200  watts  and  the  micro- 
wave  pulse  was  4 ysec.  long.  However,  the  spectrum  in  Figure  33  was 
from  a discharge  in  the  lossy  coaxial  mode  where  the  power  coupling  to 
the  plasma  was  better  than  90%,  while  the  spectrum  in  Figure  34  was  from 
a discharge  in  the  conductive  coaxial  mode,  where  the  power  coupling  to 
the  plasma  was  only  about  50%.  The  dominant  feature  of  the  spectrum  in 
Figure  34  is  the  253.7  nm  mercury  line  while  the  spectrum  in  Figure  33 
shows  the  254  nm  to  red  molecular  mercury  continuum  in  the  spectral  out- 
put. The  emergence  of  the  continuum  and  the  decrease  in  the  intensity 
of  the  253.7  nm  line,  due  to  resonance  trapping,  indicate  that  the  plasma 
was  at  a higher  pressure  when  the  discharge  was  operated  in  the  lossy 
coaxial  mode. 

The  relative  spectral  intensity  of  the  220  to  350  nm  region  is 
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FIGURE  32.  Relative  Instrument  Sensitivity  Factor  As  A 
Function  of  Wavelength 
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FIGURE  33.  Mercury  Spectrum  From  200  Watt  Discharge  In  Lossy  Coaxial  Mode 
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FIGURE  34.  Mercury  Spectrum  From  100  Watt  Discharge  In  Conductive  Coaxial  Mode 
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plotted  as  a function  of  microwave  sustainer  power  in  Figure 
the  upper  plot,  the  discharge  was  in  the  conductive  coaxial  m< 
for  the  lower  plot  the  discharge  was  in  the  lossy  coaxial  mode.  For  both 
modes  the  microwave  pulse  length  was  4 psec.  In  the  conductive  coaxial 
mode  the  relative  intensity  initially  increased,  but  then  started  to  de- 
crease as  the  sustainer  power  was  increased,  while  for  the  lossy  coaxial 
mode  the  intensity  decreased  continually  as  the  sustainer  power  increased. 

It  is  possible  that  the  decrease  in  the  intensity  of  the  pulse  out- 
put is  due  to  resonance  trapping  in  mercury.  An  examination  of  the  ultra- 
violet pulse  signal  on  an  oscilloscope  confirmed  that  for  a microwave 
power  pulse  length  of  4 psec,  the  resulting  ultraviolet  pulse  from  the 
discharge  had  a half  width  of  about  8 psec  with  a very  long  tail  on  the 
pulse.  This  indicates  that,  although  the  ultraviolet  output  may  in  fact 
be  increasing  as  the  sustainer  power  increases,  the  radiation  from  the 
discharge  was  not  being  emitted  during  the  sample  time  of  .5  psec  but 
rather  was  being  emitted  over  a relatively  long  period  of  time.  While 
this  indicates  that  a pure  mercury  plasma  may  not  be  suitable  for  gener- 
ating high  power  ultraviolet  pulses,  doping  compounds  could  be  added  to 
the  mercury  to  improve  the  performance  for  pulse  work.  Several  other 
gases  and  gas  mixtures  (for  example:  Xenon,  Krypton,  Kripton-Fluoride, 
Xenon-Arsenic)  also  show  promise  of  being  efficient  sources  of  pulsed 
ultraviolet  radiation  in  the  region  of  220  to  350  nm. 


APPENDIX  A - PROGRAM  I 


Fortran  Program  used  to  calculate  the  percentage  of  oxygen 
atom  production  from  a microwave  discharge  of  oxygen 


C 

C 

c 

C THIS  PROGRAM  CALCULATES  THE  PERCENTAGE  OF  OXYGEN  ATOM 

C PRODUCTION  FROM  A MICROWAVE  DISCHARGE  OF  OXYGEN. 

C DETERMINATION  OF  OXYGEN  ATOM  PRODUCTION  BY  N02  TITRATION 

C MEASURED  WITH  A FISHER-PORTER  VARABLE  AREA  FLOW  METER. 

C INPUT  PARAMETERS  ARE.*  THE  FLOW  METER  FLOAT  MATERIAL  J 

C THE  N204  EQUILIBRIUM  TEMPERATURE:  THE  N02  FLOW  METER 

C READING:  AND  THE  OXYGEN  FLOW  RATE. 

c 

C LOAD  WITH  SUBPROGRAM  VALUE  (BLOCK  DATA  OF  F-P  COEFFICIENT  DATA) 

C 

C VARIABLES 

C R1 f R2 f R3=  ALPHAMERIC  RUN  NUMBER 

C IFLOAT  = FLOAT  MATERIAL 

C EQFLO=  N02  FLOW  METER  READING  K-EQFL0020 

C DEGC=  N2Q4  EQUILIBRIUM  TEMPERATURE  IN  DEGREES  CELSIUS 

C OXYGEN=  OXYGEN  FLOW  RATE  (SCCM) 

C TEMP=  EQUILIBRIUM  TEMPERATURE  IN  DEGREES  KELVIN 

C K=  EQUILIBRIUM  CONSTANT 

C P=  PRESSURE  (ATM) 

C FLOAT  = DENSITY  OF  FLOAT  MATERIAL 

C RHO=  DENSITY  OF  EQUILIBRIUM  FLOW 

C MU=  EQUILIBRIUM  VISCOSITY 

C VIN=  VISCOUS  INFLUENCE  NUMBER 

C COEF=  FLOW  COEFFICIENT 

C W=  N02  FLOW  RATE  (MOLES/MIN ) 

C 02=  OXYGEN  FLOW  RATE  (MOLES/MIN) 

C ATOM=  PERCENT  OF  OXYGEN  ATOM  PRODUCTION 

C 

C 

C PROGRAM ATMPRO 

REAL  K * MIC ( 50 ) t MU ( 50 ) 

INTEGER  FSR 

DIMENSION  R4(50>  »DEGC(50) rEQFL0(50> f ATOM (50) fV(47f<4> 

DIMENSION  PRES(50) »H2Q(30) fH2(50>  fW(50>  f 02(50) 

DIMENSION  RH0(50) r ALPHA (50) f P ( 50 ) r VIN ( 50 ) f COEF ( 50 ) f VC ( 2 ) 

COMMON  R4  f DEGC  f EQFL.0  * ATOM f PRES  f H20  f H2  f W f 02 f MIC/VALUE/V 
COMMON  RHO  f ALPHA f P f MU f VIN  r COEF  f VC 
5 WRITE(8f 10) 

10  FORMAT  ( / f 49H  FLOAT  MATERIAL  ENTER.*  1=SAPP  i 2=SS  i 3=TANT  X) 

READ  ( 4 » 15 ) IFLOAT 
15  FORMAT  (13) 

WRITE  ( 8 ? 20 ) 

20  FORMAT  (/f34H  FLOWMETER  FULL  SCALE  READING  = XX) 

READ  ( 4 r 21 ) FSR 

21  FORMAT  (13) 
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Program  I (cont'd) 


WRITE ( 8 f 25 ) 

25  FORMAT ( / f 1 1H  ENTER  DATE) 

READ  ( 4 f 30  > R1fR2fR3 
30  FORMAT  (3A5) 

IF  ( IFLOAT-2 ) 45  f 40  f 35 

35  FL0AT=16.6 
WRITE  < 8 f 36 ) 

36  FORMAT  </f16Xf15H  TANTALUM  FLOAT) 

GO  TO  50 

40  FLOAT =8  « 01 
WRITE  < 8 r 41 ) 

41  FORMAT  </f16Xf22H  STAINLESS  STEEL  FLOAT) 

GO  TO  50 

45  FLOAT =3  < 98 
WRITE  < 8 f 46 ) 

46  FORMAT  </f16Xf15H  SAPPHIRE  FLOAT) 

50  WRITE  <8f51>  FSR 

51  FORMAT  ( /16X f 21H  FULL  SCALE  READING  =fI3) 

DO  210  M=1 f50 

WRITE  ( 8 f 60 ) 

60  FORMAT  <17H  ENTER  RUN  NUMBER) 

READ  ( 4 f 65 ) R4(M) 

65  FORMAT  (3A5) 

WRITE  ( 8 f 70 ) 

70  FORMAT  </f30H  N02  FLOW  METER  READING  = XX. X) 

READ  ( 4 f 75 > EQFLO(M) 

75  FORMAT  (F5.1) 

WRITE  ( 8 f 80 ) 

80  FORMAT  </f31H  TEMPERATURE  OF  N02  FLOW  = XX. X) 

READ  ( 4 f 85  > DEGC(M) 

85  FORMAT  (F5.1) 

WRITE  ( 8 f 90  > 

90  FORMAT  </f32H  OXYGEN  FLOW  RATE  <SCCM>  = XXXX.) 

READ  ( 4 f 95 ) OXYGEN 
95  FORMAT  (F6.0) 

WRITE  ( 8 f 100 ) 

100  FORMAT  ( / f 28H  SYSTEM  PRESSURE  = XX. X TORR) 

READ  ( 4 f 105 ) PRES(M) 

105  FORMAT  (F5.1) 

WRITE  ( 8 f 1 10 ) 

110  FORMAT  < / f 25H  PERCENT  H20  ADDED  = X.XX) 

READ  ( 4 f 1 15 ) H20  < M ) 

115  FORMAT  (F5.2) 

WRITE  ( 8 f 1 20 ) 

120  FORMAT  </f24H  H2  PRESSURE  = .XXX  TORR) 

READ ( 4 f 125 > H2(M) 

125  FORMAT  (F5.3) 

WRITE  ( 8 f 130 ) 

130  FORMAT  </f24H  MICROWAVE  POWER  = XXXX.) 

READ  <4f 135)  MIC(M) 

135  FORMAT  (F5.0) 
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Program  I (cont'd) 


CALCULATION  OF  VISCOUS  FLOW  NUMBER 
C 

140  TEMP=273 » 16+DEGC ( M ) 

K=10**< 9,3385-3041 .9/TEMP) 

P<M>=10**<6. 03631-1798. 54/(3. 46+TEMP) ) 

ALPHA ( M ) =SQRT  <N/(4«*P(M)+K) ) 

RHO  ( M ) =P  ( M ) *92 . 01 16/ ( ( 1+ALPHA < M >-. 01 *< 294/TEMP > **3 . *P < M > >*8,207E 

l-02*TEMP>*lE-03 

T=TEMP-290. 

IF(P<M) .LE.l)  GO  TO  150 
MU(M)=(128.+.6*T-P(M) >*lE-04 
GO  TO  155 

150  MU<M)=(127.+.6*T*P(M> >#lE-04 

155  VIN(M)=1 . 43E+02/MU(M>#SGRT  < ( FLOAT -RHO ( M ) >*RHO(M> ) 

C 

CALCULATION  OF  FLOW  COEFFICIENT 
C 

IF (FSR.NE.20)  GO  TO  160 

LSR=1 

J=0 

160  IF(FSR.NE. 16.AND.FSR.NE. 10)  GO  TO  165 

LSR=3 

J=(388-19*FSR)/6 

165  IF ( FSR • NE • 12 • AND • FSR • NE  < 8 > GO  TO  170 

LSR=2 

J=72-4*FSR 
170  CONTINUE 

X=2. 

DO  175  L=FSR?8»-2 
J=J+1 

IF (EQFLO(M) .GT ,L)  GO  TO  185 

175  CONTINUE 

X=l. 

DO  180  L=7fLSR»-l 
J=J+1 

IF (EQFLO(M) .GT«L)  GO  TO  185 
180  CONTINUE 

L=LSR 

185  DO  190  JL=1 t 2 

IF(VIN(M) ,GE.V( Jf6)/2. ) VC ( JL ) =V ( J r 1 ) - ( V ( J r 2 ) /VIN ( M ) ** . 25 ) 

IF(V< J»6)/2. . GT . VIN ( M ) . AND .VIN(M>.GT.V(J»6)/5. ) VC( JL)= 

1V< Jf3)*VIN(M)-V( J»4)*VIN<M)**2. 

IF(VIN(M) .LE.V(J»6)/5. ) VC( JL)=V< Jf5)*VIN(M) 

J=J-1 

190  CONTINUE 

C0EF(M)=VC(1)+(VC(2)-VC(1 ) )*(EQFLO(M)-L)/X 


CALCULATION  OF  N02  FLOW  (MOLES/MIN) 

C 

W<M)=COEF (M)#13.6*SQRT ( < FLOAT-RHO ( M > > #RHO < M ) ) /43 . 0058 


Program  I (cont'd) 


C 

CALCULATION  OF  X OXYGEN  ATOMS 
C 

02  < M ) =0XYGEN/2  .2414E+04 
AT0M(M)=W(M)/02(M)/2.*100. 

ALPHA ( M ) = ALPHA (M>*100. 

WRITE  ( 8 f 200 ) 

200  FORMAT  (/f52H  NEXT  SET  OF  DATA  TYPE  1 i PRINT  OUT  RESULTS  TYPE  9) 

READ  < 4 f 205  > II 
205  FORMAT  (12) 

IF  (II.NE.l)  GO  TO  215 
210  CONTINUE 

C 

C PRINT  OUT  OF  CALCULATIONS 

C 

C 

215  DO  290  I = 1 f M 

IF(DEGC(I>  .GE.18.  .AND.DEGC(I)  .L-E.25.  > GO  TO  225 
WRITE(8f220> 

220  FORMAT  </f/f/f/f/f 26H  TEMPERATURE  OUT  OF  RANGE.) 

PAUSE  111111 

225  IF  (EQFLO(M) . GE. 1 . . AND . EQFLO ( M > .LE.FSR)  GO  TO  235 

WRITE  ( 8 f 230 ) 

230  FORMAT  ( / » / r / f / f / f 23H  N02  FLOW  OUT  OF  RANGE.) 

PAUSE  222222 

235  WRITE  (8f240)R1fR2fR3fR4(I)fDEGC(I) f EQFLO ( I ) fRHO< I ) f ALPHA ( I)fP(I)f 

1MU(I)fVIN(I)f  COEF ( I > 

240  FORMAT  ( ////IX f 3A5 f AH  RUN  #fA5f/f23H  TEMPERATURE  N02  FLOW  =fF5.1 

1 f 17H  DEGREES  CELSIUS f / f 25H  N02  FLOW  METER  READING  =»F5.1 
2r / r 22H  EQUILIBRIUM  DENSITY  =»F8.5»10H  GRAMS/CC . / » 20H  N2 
304  DISSOCIATION  =rF5.1,3H  Xf/r23H  EQUILIBRIUM  PRESSURE  = 
4fF5.2r5H  ATM t / r 24H  EQUILIBRIUM  VISCOSITY  =rF7.4 
5 f 5H  CPS t / r 27H  VISCOUS  INFLUENCE  NUMBER  =rF7.1»/rl9H  FLOW  C 
AOEFFICIENT  =rF8.5 t//) 

WRITE  ( 8 r 245 ) MIC ( I > r PRES ( I ) » H20 ( I ) r H2 ( I > f W ( I ) , 02 ( I ) , ATOM ( I ) 

245  FORMAT  (27H  MICROWAVE  POWER  ABSORBED  =»F5.0f7H  WATTSr/»18 

1H  SYSTEM  PRESSURE  =fF5.1f6H  T0RRf/f12H  H20  ADDED  =fF5.2f3 
2H  Xt/f 17H  HYDROGEN  ADDED  =fF5.3f6H  TORRf/fIIH  N02  FLOW  = 
3»E10.3rllH  MOLES/MINf/f 14H  OXYGEN  FLOW  =fE10.3f11H  MOLES/ 

4MIN f // f 25H  OXYGEN  ATOM  PRODUCTION  =fF6.2f3H  X) 

290  CONTINUE 

GO  TO  5 
STOP  100 
900  END 
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APPENDIX  B - PROGRAM  II 


Fortran  block  data  program  of  the  coefficient  relating  the  viscous  in- 
fluence number  to  the  flow  coefficients  as  a function  of  meter  reading 
for  1/14  flowneters. 

C SUBPROGRAM  VALUE 

C THIS  IS  A BLOCK  BATA  PROGRAM  WITH  THE  282  VALUES  OF  THE 

C COEFFICIENTS  RELATING  THE  VISCOUS  INFLUENCE  NUMBERS  TO  THE 

C FLOW  COEFFICIENTS  AS  SUPPLIEB  BY  F-P  III  THEIR  DATA  FOR  THE 

C 1/16  FLOW  METERS 

C 

C IF  VIN>NV2  THEN  COEF=r- ( s/VIN**  . 25 ) 

I 

C IF  N'/5<VIN<N'/2  THEN  C0EF=p*VIN-a*VIN**2 . 

C 

C IF  VIN<N'/5.  THEN  COEF=m*VIN 

C 

C ####*##****#*)|r##**###BLOCK  BATA  PROGRAM  VALUE************************ 

BLOCK  BATA 

COMMON  /VALUE/V<47,6> 

C 

C ***************************** r VALUES******************************** 

C 

DATA  V/. 81362, .74287, .67876, .54410, .46545, .36112, .28780, 

2.25229. . 18569. .16301. .17595. . 1 1018 .. 078382 .. 029947 , 

6.60096. . 52413. .43793. .37805. .24930. .22831. .21466. . 22022 .. 21275 , 
6.21608, 

2.47557. . 36699. .31014. .31135. .29667. .28228. .26957. . 19045, 

2.062205, 

1.46099..  35401. .32298. .28518. .29025. .22711. .054281, 

8.33716. . 29483. .28563. .26421. . 18365. . 1 3947,-.  0063791 , 

C 

C ******************************s  VALUES******************************* 

C 

22.2764.2.1552.2.087.1 .5882.1 .4724.1 .1222. . 97585. .89942, 

2.58263. . 55367. .82733. .46438. .33802. . 1067, 

61.7849.1.605.1.3945.1.3289. . 74196. .74353. .81306.1.0177, 

61.12,1.329, 

21.5568,1.1896,1.1642,1.3571,1.428,1.4794,1.5511,1.169, 

2.41759, 

1 1 . 8001 . 1 . 4555 . 1 . 4376 . 1 . 3568 . 1 . 595 . 1 . 3251 . .  29858 , 

81.2838.1.1922.1.335.1 .3793. . 9818. .87684,-. 16534, 

C 

C ********************************  VALUES**************************** 

C 

2 • 99934E-3 , . 81696E-3 , . 65784E-3 , • 48743E-3 , . 3685E-3 , . 2421 7E-3 , 

2. 1591E-3, . 11767E-3, .84742E-4, • 54929E-4 , • 34582E-4 , . 19397E-4 » 

2, 10997E-4, .50301E-5, 

6.65124E-3, .4786E-3, .35799E-3, .24261E-3, . 13626E-3, . 10342E-3, 
6.7624E-4, .49784E-4, .29251E-4, . 15887E-4, 

2.35155E-3, .22603E-3, . 13676E-3, . 10143E-3, .63427E-4, .37904E-4, 

2 . 21 194E-4 , .11301E-4, • 3663E-5 , 

1.21169E-3, .10854E-3, .79426E-4, .49784E-4, .31501E-4, .17218E-4, 
1.52796E-5, 

8. 11241E-3, . 84971 E-4, .57789E-4, .36613E-4, .20477E-4, .91884E-5, 

8 . 41031E-5, 
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Program  II  (cont'd) 


2 . 66907E-6  f . 50285E-6  t . 37619E-6  f . 22777E-6  f • 1665E-6  f . 81 765E-7  f 
2 • 48143E-7  t , 30298E-7 f • 17728E-7  f • 85246E-8  f . 41785E-8  f.16313E-8f 
2.70274E-9f .33436E-9f 

6.40193E-6f ,25026E-6f . 16694E-6f .93768E-7f .32294E-7f .22044E-7f 
6 • 1 4863E-7  r • 75573E-8 1 . 2947E-8  f • 80013E-9  r 

2.1543E-6f .71799E-7f . 36512E-7 f . 24905E-7 , . 1002SE-7 f . 34685E-8 f 
2.40656E-9f ,2208E-9f . 1785E-9r 

1 .69074E-7f . 15768E-7  r • 1237E-7f .37652E-8f ,23736E-8f .4124E-9f 
1 .30286E-9f 

8 . 19801E-7  f « 1365E-7  f « 72708E -8  f . 34643E-8  f » 13702E-8  f . 42775E-9  t 
8 . 34593E-9  f 

************#******#********n,  VALUES****** *********** ************** **** 

2.81029E-3f .66958E~3f ,53947E-3f .40B11E-3f .30729E-3f .20805E-3f 
2*131  7E-3f.  96599E-4  f . 69109E-4  f . 45654E-4  f . 28043E-4  f . 1671E-4f 
2.86814E-5f  *39285E-5f 

6 « 52543E-3  f . 39656E-3  f . 28941E-3  f • 19369E-3f . 1 1 788E-3 f . 88083E-4 f 
6.63667E-4f  .41426E-4f  .25931E-4f . 13251E-4f 

2 * 29536E-3  f * 19607E-3  f *11521 E-3f  *84184E-4f  « 5279E-4  f . 34165E-4  f 
2 . 2077E-4  f < 10842E-4  f . 31 137E-5  f 

1 *17951E-3f . 10126E-3  r . 71209E-4  f « 47192E-4  f «29326E-4f 
1 *1668E-4f  *42818E-5f 

8.96913E-4f .69712E~4f ,471E-4f .30906E-4f . 18219E-4 f . 82958E-5 f 
8 . 30893E-5  f 

**********#**********#***N  PRIME  VALUES******************************** 

21412. 8 f 1465. 4 f 1573. 2 f 1741. If  1838. 3 f 2086. 7 f 2845. 5 f 3477. 8 f 
24409. 3 f 5440. 2 f 7825. f8236. 8 f 16474. f 16474. f 
61565. f 1639. If  2054. 1 f 2608. 3 f 2845. 5 f 3477. 8 f 4229, 7 f 5529. 7 f 
65634. f 16474. f 

21820. 7 f 2086. 7 f 2952. 2 f 3462. 2f 5303. 6 f 5390. 6 f 5216. 7 f 10401. f 15389. f 
1 2328. 9 f 2310. 2 f 3321. 3 f 3443. f 4583. 2 f 6520. 8 f 16474. f 
83912. 5f 5589. 3 f 7350. 8 f 8236. 8 f 8236. 8 f 10433. f 14654./ 
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